Abstract: Soil resident water-stable macroaggregates (diameter (Ø) > 0.25 mm) play a critical role in organic carbon conservation and fertility. However, limited studies have investigated the direct effects of stand development on soil aggregation and its associated mechanisms. Here, we examined the dynamics of soil organic carbon, water-stable macroaggregates, litterfall production, fine-root (Ø < 1 mm) biomass, and soil microbial biomass carbon with stand development in poplar plantations (Populus deltoides L. '35') in Eastern Coastal China, using an age sequence (i.e., five, nine, and 16 years since plantation establishment). We found that the quantity of water-stable macroaggregates and organic carbon content in topsoil (0-10 cm depth) increased significantly with stand age. With increasing stand age, annual aboveground litterfall production did not differ, while fine-root biomass sampled in June, August, and October increased. Further, microbial biomass carbon in the soil increased in June but decreased when sampled in October. Ridge regression analysis revealed that the weighted percentage of small (0.25 mm ≤ Ø < 2 mm) increased with soil microbial biomass carbon, while that of large aggregates (Ø ≥ 2 mm) increased with fine-root biomass as well as microbial biomass carbon. Our results reveal that soil microbial biomass carbon plays a critical role in the formation of both small and large aggregates, while fine roots enhance the formation of large aggregates.
Introduction
Soil aggregation, a primary determinant of soil fertility and productivity, results from the rearrangement of soil particles, flocculation and cementation, which is facilitated by organic inorganic compounds (particularly long-chain polysaccharides and proteins, ionic bridging, and carbonates) [1] [2] [3] . Soil aggregates are formed in varying size classes, which are commonly classified as microaggregates (diameter (Ø) ≤ 0.25 mm) and macroaggregates (Ø > 0.25 mm) [4] . The weight percentage of water-stable macroaggregates (WSM) might serve as indicators of soil quality by virtue of their large surface areas and strong chemical bonds [5, 6] . An understanding of how management practices affect soil aggregation is critical to the long-term maintenance of soil productivity, reduction of erosion and conservation of organic matter [7] [8] [9] [10] . Stand development following afforestation may improve the physical and chemical properties of damaged and young soils [11, 12] . The loss of soil carbon and aggregates following deforestation has been frequently documented [13] [14] [15] [16] [17] . However, limited studies have investigated the direct effects of stand development following afforestation, on the formation and stability of macroaggregates [9, 18] .
Under a given site condition, several biotic mechanisms such as plant carbon (C) inputs and microbial activity may be responsible for soil aggregation [19] . Increases in soil organic carbon (SOC) with stand development following afforestation have been attributable to increases in C inputs and enhanced organic matter protection in arid and semi-arid ecosystems [18] . Many factors may potentially determine the formation of WSM, such as mycorrizeal hyphal network, bacteria biomass [20] , decomposition of plant residue [21] , root systems of trees [22] , and understory vegetation [23, 24] . Recent evidence has revealed that aboveground plant litter input is strongly related to the formation of soil macroaggregates [8, [25] [26] [27] . The formation of WSM associated with organic matter decomposition products and plant root exudates [28, 29] were also reported, as they serve as the source of C for microbial activities, which in turn facilitate the formation of organic and inorganic compounds [30] . The mean diameters and weights of aggregates, as well as root biomass, have been reported to increase following the conversion of pastureland to plantations [18, 31] . Fine roots may have potent effects on soil aggregation in tree plantations due to their enormous biomass and large interfacial contact area with the soil [32, 33] . Dead fine roots contribute strongly to macroaggregate-associated SOC stocks [18] ; however, the relative influences of aboveground litterfall and fine roots on soil C and aggregates remain under debate. Moreover, soil microbes, which are essential drivers for the decomposition of organic matter and the formation of organic and inorganic compounds, may influence the generation of aggregates and soil C [19, 30] . Similar to fine roots [34, 35] , soil microbes are highly seasonally variable [36] [37] [38] .
Poplar (Populus L. species) is the most cultivated genera, in terms of mean planted area in China, due to its high economic value and role in C sequestration in soils, particularly in saline-alkali coastal areas, as it is salt-tolerant [39, 40] . A clearer elucidation of soil aggregation and C dynamics of poplar plantations may assist in the development of management policies that are aimed at restoring vast coastal lands with alluvial soils in China. Our objectives were to examine how the WSM and organic C content were altered with stand development, and how they might be linked with plant litterfall, fine-root biomass and soil microbial biomass carbon (SMBC) in poplar plantations of coastal China. We hypothesized that (1) the quantities of WSM and SOC would increase with stand development following afforestation; (2) the quantities of WSM and SOC would be positively associated with plant litterfall, fine-root biomass, and SMBC as higher fresh organic matter inputs with stand development may increase SOC and enhance soil aggregation [2, 41] . We sampled the topsoil (0-10 cm depth) of poplar plantations using a replicated chronosequence approach in the Eastern coast of China.
Materials and Methods

Study Area and Sites
The study area was located in the Dongtai Forest Farm, a coastal area of the Yellow Sea in the Northern Jiangsu Province of Eastern China (120 • 49 E and 32 • 52 N). The climate alternates between subtropical and warm temperate zones with monsoon influences. The growing season extends from May to October, whereas the dry season spans from November to April. The mean annual rainfall is 1050 mm, with an average temperature of 14.6 • C, and a frost-free period of 220 days [42] . Meanwhile, the average diurnal temperature had a subtle fluctuation, that is, from 28.1 • C (July), and 27.7 • C (August) to 24.1 • C (June) and 21.6 • C (September). Even in the last month (October) of the growing season, the average daily temperature was 17.6 • C.
The farm was reclaimed from the ocean via the construction of coastal levees, and is currently part of the saline land of silting coastal area (alluvial soil) with an electrical conductivity of 2.68 ± 0.58 ds/m. The soil may be termed as fluvisols in the taxonomy of the Food and Agriculture Organization of the United Nations (FAO). Once alluvial soils are formed above sea level (five-ten-years), the land is typically converted to tree plantations with species such as Populus deltoides L. 'Lux' (Italy-69/55), Populus×euramericana 'San martino' (Italy-72/58), Populus deltoides L. '35/66', Populus×euramericana L. 'JP7', Metasequoia glyptostroboides Miki ex Hu, and Ginkgo biloba L.). During the establishment of the tree plantation, shrubs and herbaceous plants were not removed.
Sampling Design
We employed a chronosequence approach to the sample stands that varied in age. Although the use of the chronosequence method has been criticized, as it makes the assumption that sample stands along the temporal sequence have followed the same developmental history [43] , given careful site selection and replication, the chronosequence method is well suited for studying stand dynamics over decadal time scales [44] . Given the availability of the stand ages in the study area, we selected five-, nine-, and 16-year-old poplar (Populus deltoides L. '35') plantations with an area of 3.3 ha each. For each age class, we selected three sites that were spatially interspersed, with a distance between sites among all age classes of >1 km (Figure 1 ). 
We employed a chronosequence approach to the sample stands that varied in age. Although the use of the chronosequence method has been criticized, as it makes the assumption that sample stands along the temporal sequence have followed the same developmental history [43] , given careful site selection and replication, the chronosequence method is well suited for studying stand dynamics over decadal time scales [44] . Given the availability of the stand ages in the study area, we selected five-, nine-, and 16-year-old poplar (Populus deltoides L. '35') plantations with an area of 3.3 ha each. For each age class, we selected three sites that were spatially interspersed, with a distance between sites among all age classes of >1 km (Figure 1 ). (Table 1) . To ensure an inherent similarity between sites, we assessed soil textures following the method described by Cavard et al. [45] , and collected the understory biomass in September 2013 via a harvesting method. The understory biomass and soil texture, determined by sieving and sedimentation [46] , were similar among stand ages, and on average consisted of 720 g sand kg −1 , 159 g silt kg −1 , and 122 g clay kg −1 ( Table 1) . At each site, a plot (750 m 2 , 25 m × 30 m) was randomly established. The diameter at breast height of all live trees was measured at 1.3 m above the root collar (Table 1) . To ensure an inherent similarity between sites, we assessed soil textures following the method described by Cavard et al. [45] , and collected the understory biomass in September 2013 via a harvesting method. The understory biomass and soil texture, determined by sieving and sedimentation [46] , were similar among stand ages, and on average consisted of 720 g sand kg −1 , 159 g silt kg −1 , and 122 g clay kg −1 ( Table 1) . 
Field Measurements and Sampling
The heights of all live trees were measured by hypsometers (Cuiyuan, Hangzhou, China) and recorded. Canopy closure is the ratio of the number of steps by the shadows of tree canopies to the total number of steps by the measurer walking along the two diagonal lines of the rectangular plot [47] . Understory biomass was measured in triplicate for each plot by harvesting all aboveground biomass in three randomly allocated 1 m 2 areas in the plot in September 2012, and the values in each plot were then averaged prior to the determination of the mean and s.e.m. for each age class.
Five undisturbed soil cores (2 cm diameter) from a depth of 0-10 cm were randomly collected from each of four sampling points of each plot. Five cores were then mixed homogenously to one composite sample, obtaining four soil samples per plot. Thus, a total of 36 (4 × 9 plots) soil samples were extracted in June 2012 to determine the stand age effects on WSM and SOC. Because of the strong seasonality of the fine roots [35] and soil microbes [37] , we extracted soil samples for fine roots and SMBC in June, August, and October of 2012 using the same soil sampling technique as for WSM.
Litterfall was determined over an entire year. Within each sample plot, two 1 × 1 m litter traps, elevated at 1 m above soil surface to minimize damage from animals, were randomly located to collect litterfall. All litter traps were installed in January 2012, and litter was harvested monthly, from March 2012 to December 2012.
Laboratory Analyses
Water-Stable Aggregates
Soil samples for the determination of WSM and SOC were air-dried in the laboratory. Water-stable macroaggregates were collected using 100 g of air-dried soil, which was placed on a nest of sieves (Ø = 23 cm; Jinlisi, Inc., Nanjing, China) with mesh openings that ranged from 0.25 to 2 mm. The sieves were submerged in deionized water and agitated in the Z-axis (at 4 cm stroke lengths) 525 times over 15 min using a soil aggregate analyzer (Shunlong, Inc., Shangyu, China). Following the removal of the sieves, soil solution that had passed through the 0.25 mm screen was poured over a 0.05 mm screen. Soil passing through the 0.05 mm screen was allowed to settle for 1 h and pooled across three depths after decanting, and the sand fractions were removed with forceps. Both the soil and sand fractions were oven-dried (60 • C, 48 h) to a constant weight [48] . The small and large macroaggregates were defined as 0.25 mm ≤ Ø < 2 mm and Ø ≥ 2 mm following the method described by Su [49] . The weight percentages of WSM were calculated as
where WSMi (%) is the dry weight percentage of soil water-stable macroaggregates for a given diameter class. W i (i = 1, 2) is the dry weight of aggregates in two size classes (diameters as 0.25-2 mm and >2 mm) after correction for sand content. Total soil weight was determined by pooling oven-dried weights of all components excluding sands [50] . The mean weight diameter (MWD) of water-stable aggregates was calculated as
where y i is the proportion of each size class of the total sample and x i the mean diameter of the size class [49] .
SOC
To determine the organic C content in aggregates and bulk soil, we pooled all samples within each plot into one composite sample for small aggregates, large aggregates, and bulk soil, respectively. The air-dried samples were finely ground and passed through a 0.149 mm sieve [51] , and two grams of the air-dried samples were hydrolyzed with 5 mL 1 mol·L −1 HCl in a 50 mL beaker with occasional shaking until any bubbles disappeared in the soil solution, which was then heated at 60 • C for 2-3 h to obtain dry samples [51, 52] . We subsequently extracted 25 µg of the samples to determine the SOC content using an Element Analyzer (Elementar Vario EL, Hanau, Germany). To examine whether the SOC content was higher in WSM than in the bulk soil, we calculated the ratio of the SOC content in WSM to the bulk soil for paired samples within each plot.
Soil Microbial Biomass Carbon
To determine the soil microbial biomass carbon (SMBC), fresh soil samples (20 g) were filtered through a 2 mm sieve and fumigated by placing the soil in a vacuum dryer with a vial of soda-lime and a 25 mL beaker of (alcohol-free) CHCl 3 . The fumigation-extraction method used was described by Vance et al. [53] . The organic C in soil extracts was measured by TOC-V CPH+TNM-1 (Shimazu Inc., Kyoto, Japan).
Litterfall, Fine-Root Biomass, and SMBC
All harvested litter samples were oven-dried at 70 • C for 48 h and then weighed to the nearest 0.01 g. Annual litterfall production was calculated as the sum of litter collected for all sampling dates, scaled to mg·ha −1 ·year −1 . The core soil samples for fine-root biomass were soaked in water to separate the roots from the soil, and then hand-sorted to remove visible roots and coarse fragments. The fine roots (Ø < 1 mm, determined using calipers) were selected and further sorted according to their status (live versus dead). Their status was classified in the laboratory using a combination of morphological characteristics, where the live roots were pale-colored on the exterior, elastic and flexible, free of decay, and had a whitish cortex. The dead roots were brown or black, rigid, and inflexible (broke easily), were in various stages of decay, and had a darker cortex [35, 54] . When required, a stereomicroscope was used to assist with the differentiation of the root status. Live fine roots were then oven-dried to a constant mass at 70 • C and weighed [55] .
Statistical Analysis
While we used four samples from each sample plot and/or at each sampling date to account for spatial heterogeneity, these samples were not independent. We thus calculated the mean value of these four samples for further statistical analysis. To test our first hypothesis, we employed analysis of variance (ANOVA) to determine the effects of stand age on WSM and SOC. Shapiro-Wilk's tests on model residuals indicated that the assumption of normality was not met at α = 0.05 for several analyses. To mitigate the violation to the normality assumption, and to improve the coefficient estimates for a small sample size (n = 3 for each age class), we bootstrapped the fitted coefficients of all models by 1000 iterations using the boot package [56] . To examine the associations between WSM and SOC, we used Pearson's correlation analysis.
To determine the effects of stand age and sampling date on fine-root biomass and SMBC, we used the following model:
where Y ijkl is the fine-root biomass or SMBC; A i (i = 1, 2, 3) is the stand age class; D j(k) (j = 1, 2, 3) is the sample date (June, August, and October); π k is the random plot effect (k = 1, 2, . . . , 9); ε l(ijk) (l = 1, 2, 3) is the sampling error. We conducted the mixed effect analysis using maximum likelihood estimation with the 'lme4' package [57] . To test our second hypothesis, we initially used simple linear regression to examine the influences of litterfall, fine-root biomass, and SMBC on the quantities of soil aggregates and SOC. We then used multiple regression to examine how soil aggregates and SOC were associated with litterfall, fine-root biomass, and SMBC. However, both the full models and the best models selected by Akaike information criterion indicated strong multicollinearity among predictors (variance inflation factor > 10). We, therefore, employed ridge regression, which was performed using the "ridge" package [58] . In this analysis, we related the WSM and SOC data collected in June 2012 to the fine-root biomass and SMBC data collected separately in June, August, and October, by linear regressions. All analyses were performed with R Statistical Software (version 3.3.1, R Development Core Team, Vienna, Austria) [59] .
Results
The weight percentage of the soil aggregates increased significantly with stand age in both size classes as well as overall ( Figure 2 , Table 2 ). The age-associated increase in the weight percentage of aggregates was more pronounced for the small, rather than large aggregates. The quantity of small aggregates was higher than the large aggregates in the nine-and 16-year-old stands (Figure 2 ). With increasing stand age, the MWD of the soil aggregates was significantly increased (Figure 2 , Table 2 ).
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Discussion
Our results revealed that the quantity of SOC, weight percentages, and MWD of both small and large soil aggregates increased with stand age in poplar plantations that were reclaimed from the ocean via the construction of coastal levees in Eastern China. The enrichment of organic C in both small and large aggregates in contrast to that of the bulk soil was also observed. Further, we found strong positive associations between the weight percentages of both small and large aggregates and fine-root biomass, but not annual litterfall production, whereas the relationships between these and SMBC were strongly dependent on the sampling date of SMBC.
Our results of stand age-associated increases in organic C, and the quantity of water-stable aggregates (Figures 2 and 3 ), were consistent with previous studies [18, 60] . However, our analysis indicated that the increase of SOC in differently sized aggregates and bulk soil with stand age resulted primarily from the higher fresh organic matter inputs of fine roots. An analysis of ten primarily stable isotope experiments from the field suggested that 45% of belowground inputs, on average, were stabilized as SOC, compared with only 8% for aboveground C inputs through litter [61] . Meanwhile, increased fresh organic C enhances the stability of the aggregates through the binding of mineral particles, which protects the soil against slaking, while reducing aggregate wettability in favor of the formation of stable aggregates [22] . Therefore, stand age-associated increases of weight percentages of small and large aggregates benefitted from increased fine-root biomass.
Stand age-associated trends of soil aggregation in the plantations were expected as fresh organic matter inputs that favored the aggregation of soil particles increased with plantation stand age [2, 41] . In our case, the difference of fresh organic matter inputs could not be attributed to the understory litters due to similar understory biomass (Table 1 ) and aboveground litter biomass (Table 3 ) among the three age classes. The enrichment of SOC and fine-root biomass with stand development has been reported earlier [62] . Similar phenomenon was also found in afforestation of southeast Spain, that changes of the organic matter input were associated with the rate of accumulation of SOC [63] . The enrichment of SOC and growth of fine-root biomass after afforestation can be attributed to the shift of microbial communities' structure (e.g., increased fungi biomass), rather than SMBC [64] . Temporal increases in large aggregates have previously been attributed to higher fine-root inputs [65] [66] [67] [68] [69] . Decomposed fine roots provide C for the microbial community, which facilitates macroaggregate formation [2, 36, 37] . It was reported that the SOC increased almost 300% at 0-10 cm depth following 50 years of afforestation in the Huanglongshan Forest Area, China [18] . This increased SOC was attributed to higher organic matter inputs in tree plantations than in bare land or young soils, due to high net primary production and the prevention of erosion by wind and water from planted trees [70, 71] . Several chronosequence studies have reported that fine-root production increases [72] or decreases [73] with stand age. Based on a chronosequence of seven to 201 years since fire, Yuan et al. [54] showed that fine-root biomass peaked in 94-year-old stands, while fine-root production peaked in 11-year-old stands. These results indicated that the associations between the SOC and fine roots were dependent on both age spans of chronosequences, and the correlation of fine-root biomass or production, and SOC.
It has been reported that microbial activity contributed to the promotion of SOC in afforested [74] and reforested [75] land, in association with stand age. Furthermore, enhanced microbial biomass preferentially enriched large aggregates [76] , which caused the weight percentage of large aggregates to be more closely associated with SMBC, as shown in our results (Table 4 ). It was reported that more than 50% of the SMBC content of the total soil [77] , and 33% more soil C [78] , were associated with the large aggregates (Ø > 2 mm). The C mineralization rate was also higher in the large aggregates in contrast to the small aggregates, due to their relatively higher microbial activities [79] . As the small aggregates served to physicochemically protect organic matter [80] (e.g., fine-root litters or decomposition products of fresh organic fragments), they contained lower levels of available organic matter for microorganisms [81, 82] . In addition, as to the different patterns between SMBC and other indexes (SOC, large and small aggregates) in October, compared to other months, it was likely attributable to high seasonal variability [36] [37] [38] . A negative relationship between SOC and air temperature was found, while the SMBC exhibited an opposite pattern in autumn, from the results of 12 terrace fields in Southwest China [83] . This might have been the cause of the seasonal differences observed in our results.
Conclusions
In summary, we found that SOC and MWD increased with stand development following the establishment of a poplar plantation in young coastal soils of Eastern China. Large and small aggregates were associated with fine-root biomass and SMBC. Our analysis indicated that the age-dependent increase in the SOC and aggregates resulted primarily from the higher fresh organic matter inputs of fine roots and microbial biomass. Additionally, the overall soil response, rather than the topsoil specifically, as in this study, warrants further investigation to confirm the finding that the SMBC contributed to aggregate formation. 
